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ConcentrationsRonit Goldberg,† Avi Schroeder,‡§ Yechezkel Barenholz,‡ and Jacob Klein†*
†Department of Materials and Interfaces, Weizmann Institute, Rehovot, Israel; ‡Laboratory of Membrane and Liposome Research, Institute of
Medical Research Israel-Canada, Hadassah Medical School, Hebrew University, Jerusalem, Israel; and §Department of Chemical
Engineering, Ben Gurion University, Beer Sheva, IsraelABSTRACT Using a surface force balance, we measured normal and shear interactions as a function of surface separation
between layers of hydrogenated soy phosphatidylcholine (HSPC) small unilamellar vesicles (SUVs) adsorbed from dispersion
at physiologically high salt concentrations (0.15 M NaNO3). Cryo-scanning electron microscopy shows that each surface is
coated by a close-packed HSPC-SUV layer with an overlayer of liposomes on top. A clear attractive interaction between the
liposome layers is seen upon approach and separation, followed by a steric repulsion upon further compression. The shear
forces reveal low friction coefficients (m ¼ 0.008–0.0006) up to contact pressures of at least 6 MPa, comparable to those
observed in the major joints. The spread in m-values may be qualitatively accounted for by different local liposome structure
at different contact points, suggesting that the intrinsic friction of the HSPC-SUV layers at this salt concentration is closer to
the lower limit (m ¼ ~0.0006). This low friction is attributed to the hydration lubrication mechanism arising from rubbing of the
hydrated phosphocholine-headgroup layers exposed at the outer surface of each liposome, and provides support for the conjec-
ture that phospholipids may play a significant role in biological lubrication.INTRODUCTIONPhospholipid (PL) vesicles (liposomes) are often used in
clinical applications, such as for drug delivery (1–4), and
as biomembrane models (5), and their stability against
aggregation or fusion has been extensively studied (6–11).
Forces between model lipid bilayers have been measured
directly in free dispersion as well as in supported bilayers
(12–15). These forces have been described (12–15) in terms
of double-layer electrostatic repulsion arising from surface
charges, van der Waals attraction between the bilayers,
and repulsion between the hydration layers that surround
the lipid headgroups. Additional effects include repulsive
steric effects arising from undulations (15) or from molec-
ular protrusion (16) of individual headgroups from the
layers, and attractive dipole-dipole interactions that may
arise from correlated positioning of the opposing zwitter-
ionic headgroups (12).
Microscopy studies of liposome or liposome assemblies
on surfaces have been reported (17–19), and liposomes on
surfaces have also been widely used as starting points for
the creation of supported lipid bilayers formed by
breaking-up and lateral spreading of the vesicles (20,21).
To the best of our knowledge, however, no direct studies
of interactions between liposomal surfaces, and particularly
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0006-3495/11/05/2403/9 $2.00reported to date. In a recent study (R. Goldberg,
A. Schroeder, G. Silbert, K. Torgeman, Y. Barenholz, and
J. Klein, unpublished), we used a surface force balance
(SFB) to investigate the interactions between adsorbed
layers of neutral (zwitterionic) PL liposomes, small unila-
mellar vesicles (SUVs) of hydrogenated soy phosphatidyl-
choline (HSPC) across water with no added salt. These
liposomes formed a stable, uniform, close-packed array on
the surfaces. As the surfaces approached, we observed
a monotonically repulsive force between them, which we in-
terpreted as being initially due to electrostatic double-layer
effects and, upon closer approach, a steric component
arising from the compressive distortion of the liposomes
themselves. As the compressed liposome layers were
made to slide past each other at increasing loads, an
extremely low sliding friction coefficient m, (m z 104 –
105) at mean pressures (P) up to >100 atmospheres
(P > 10 MPa) was observed. We attributed this low friction
to the hydration lubrication mechanism (arising as the
highly hydrated phosphocholine groups exposed at the outer
liposome surfaces slide past each other), as observed
previously—generally at very much lower pressures—in
a number of different systems (23–25).
In our previous study (R. Goldberg, A. Schroeder,
G. Silbert, K. Torgeman, Y. Barenholz, and J. Klein, unpub-
lished), we showed for the first time (to our knowledge) that
phosphatidylcholine (PC) bilayers (comprising the liposome
membrane) can provide physiological-level lubrication that
is as efficient, or even more efficient, than that observed
between articulating cartilage surfaces in hips or knees, at
pressures (up to ~100 atm) that occur in major human joints.doi: 10.1016/j.bpj.2011.03.061
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extremely efficient boundary lubrication in such joints is not
well understood (26,27). Indeed, it is the topic of a long-
standing controversy between those who hold that it arises
from macromolecules (such as lubricin (28), hyaluronic
acid (29), or aggrecans (30)) at the cartilage-synovium inter-
face, and those who conjecture that is due to surface-active
PL layers coating the rubbing surfaces in a boundary lubri-
cation mode (26) somewhat like that found in classical engi-
neering tribology (i.e., where the alkyl tails of the surfactant
layers rub past each other (31)). In the investigation pre-
sented here, we extend our earlier study, which was carried
out in pure water (i.e., with no added salt), to the case of
concentrated salt solutions, to better examine the relevance
of our results under biological ion concentrations. The main
experimental approach we used to directly measure both
normal and frictional interactions between the HSPC-
SUVs-coated surfaces is based on the SFB. In addition,
we used high-resolution cryo-scanning electron microscopy
(cryo-SEM) to image the surface structures directly.MATERIALS AND METHODS
Full details are provided in the Supporting Material.Liposomes preparation
We synthesized SUVs of HSPC (molecular mass ¼ 762.10 g/mol, >99%
purity; Lipoid, Ludwigshafen, Germany) using standard approaches (32)
by progressive downsizing from multilamellar vesicles prepared by
hydrating the lipids in 150 mM NaNO3 at 62
C (above the gel-to-liquid
crystalline phase transition temperature, Tm, of HSPC, 53
C (32); for a sche-
matic of the molecule, see Fig. 2, inset). The nitrate group was chosen as the
counterion because of its compatibility with our experimental system (the
mica surfaces in the SFB are back-silvered, and this coating was found to
be sensitive to some ions (notably Cl), which cause degradation of the
silver layer).Dynamic light scattering
Liposomes were characterized for size distribution by dynamic light scat-
tering (DLS). The DLS data indicated that >95% of the liposomes in the
bulk solution were 755 3 nm in diameter.Measurement of the z potential
HSPC-SUVs in low (5 mM) salt concentrations had a z potential of 6.205
0.26 mV, whereas at the high salt concentrations used in our study (0.15 M),
the z-potential values, measured with somewhat lower accuracy, were in the
range of 1.35 0.6 mV, demonstrating the neutral nature of the zwitterionic
lipids.Determination of PL concentration
We determined the PL concentrations by using the modified Bartlett assay
as described elsewhere (33).Biophysical Journal 100(10) 2403–2411Surface preparation
We adsorbed the HSPC-SUVs on an atomically smooth mica surface by
placing freshly cleaved mica in 10 ml 150 mM NaNO3 and then adding
3605 10 mL of the SUV dispersion (of 30 mM HSPC PL concentration)
for 1.5–2 h of incubation at room temperature. We then washed the mica
surfaces to remove excess, nonadsorbed liposomes by placing the adsorbed
surfaces in a beaker filled with 150 mM NaNO3 for few minutes along with
a delicate shaking motion. All preparations were done in a laminar flow
hood to prevent contamination.Cryo-SEM
Cryo-SEM samples (mica surfaces covered with HSPC liposomes) were
prepared as described above. Water was sublimed at 80C for 2 h, and
samples were rotary-shadowed with 3 nm Pt at an angle of 45.SFB
We measured the normal and lateral force profiles using the SFB between
the two atomically smooth mica surfaces, as described in detail elsewhere
(34) and in the Supporting Material (also see Fig. 2, inset). The surfaces
were incubated for 1.5–2 h in liposome dispersion to enable adsorption
of the HSPC-SUVs to take place, and then rinsed and remounted in the
SFB. The results shown are from three different experiments and different
contact points within each experiment (approximately nine in all).RESULTS
Cryo-SEM images
Fig. 1 shows cryo-SEM micrographs of HSPC liposomes
adsorbed from a 150 mM NaNO3 solution onto mica and
adhering densely to the surface. The liposome coating is
composed of a close-packed layer of liposomes in contact
with the substrate, with a sparser irregular coating of excess
liposomes on top of this layer. In this upper layer there are
both whole (spherical or quasi-spherical) liposomes, either
separate or in small clusters, as well as many that appear
to have ruptured, leaving the bilayer debris behind as irreg-
ular linear features (Fig. 1 b). This rupturing of the lipo-
somes may be due to the cryo-SEM preparation
procedure: the sublimation process during this procedure
removes the water but does not remove the salt, which
may lead to complicated stresses that result in the vesicle
rupturing (we note that cryo-SEM pictures of adsorbed
HSPC vesicles in pure water (R. Goldberg, A. Schroeder,
G. Silbert, K. Torgeman, Y. Barenholz, and J. Klein, unpub-
lished) revealed smooth, unruptured liposomes). The images
(e.g., Fig. 1 b) reveal that, in contrast to indications from the
DLS results obtained in bulk solution, the surface-attached
liposomes have a range of sizes: many are ~70 nm in diam-
eter, but others range from 25 to 80 nm or more. This may be
attributed to distortions arising from the surface adsorption
process (which tends to flatten the liposomes and thus
increase their diameter) together with the effect of sequen-
tial adsorption on the lateral constraints due to neighboring
vesicles (tending to decrease their projection on the
FIGURE 1 Cryo-SEM images of a mica surface
coated with HSPC-SUVs in 150 mM NaNO3 salt
solution. The left image shows the liposome layers
on the mica surface. The feature running diago-
nally across the image appears to be a tear line in
the HSPC layer, which most likely developed
during the sample-drying procedure, on either
side of which the layers have receded slightly to
expose the underlying mica. In such exposed areas,
it is possible to view traces of the original quasi-
hexagonal close packing of the adsorbed liposome
layer on the mica, as shown in the inset in a (taken
from a different exposed area to that on the left).
The inset image in b shows the surface topography
at a higher magnification, revealing that it is coated
with an overlayer of larger and smaller liposome
clusters.
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region probed by the micrograph in Fig. 1. Presumably
due to lateral stresses induced during the cryo-SEM prepa-
ration, a mica region that was originally coated with lipo-
somes (region a) has been exposed, where on either side
the liposome layer has retracted. Traces of the surface-
attached liposomes are left behind, revealing (Fig. 1 a)
a quasi-hexagonal honeycomb pattern arising from the close
packing of the liposomes. The cryo-SEM images thus show
that the mica surface is covered with a close-packed layer of
liposomes, overlaid with an irregular excess of liposomes or
small liposome clusters. This implies the presence of
surface layers with significant irregular protrusions, which
may affect the surface interactions (discussed further
below).SFB: normal force results
Fig. 2 A shows normal-force Fn versus surface-separation D
profiles between two HSPC-SUV-coated mica surfaces
across aqueous 150 mM NaNO3 solution, with the force
axis normalized as Fn/R, where R is the radius at the contact
region (in the Derjaguin approximation (35)), enabling
comparison between different experiments. The inset to
Fig. 2 A, on a linear-linear scale, reveals attractive forces
that cannot be seen in the main log-linear plot. As the
surfaces approach from large separations, a clear attraction
(inset to Fig. 2 A) appears at D ¼ 2605 40 nm, before the
onset of a repulsive regime on further compression. Both the
first approach profiles and profiles on subsequent
approaches at a given contact point (following shear onthe first approach) are shown. The measured forces on
approach (open symbols) show considerable scatter in both
magnitude and range: some approach profiles show no
measurable attraction before the repulsive regime, whereas
others show a marked attractive well. In contrast, all decom-
pression profiles show a clear attractive well as the surfaces
separate. The repulsion upon approach reaches a normalized
force value of 2–4 N/m at a ‘‘hard wall’’ separation Dw. The
value of Dw was generally 20 5 2 nm (indicated as arrow
A), corresponding to the thickness of four stacked bilayers
(two fully flattened HSPC-SUVs). In some profiles (at
different contact points, indicated as arrow B), Dw is in
the range of 305 2 nm, corresponding to six stacked bila-
yers (three flattened HSPC-SUVs) (36).
A simple experiment illustrates the marked attraction
seen in the force profiles (Fig. 2 A, inset). We prepared
two identical vials containing 30 mM dispersions of
HSPC-SUVs in different solutes. One contained HSPC vesi-
cles both prepared and dispersed in pure water (no added
salt), whereas in the other the HSPC vesicles were prepared
and dispersed in 150 mM NaNO3. Both vials were held for
extended periods at 4C. The HSPC-SUVs that were held
under high salt conditions aggregated and precipitated after
~2 weeks, whereas those in pure water remained dispersed
(i.e., with no visible aggregates or sedimentation) for up
to many months, as is clearly shown in Fig. 3. Although
this demonstration is qualitative (a simple visual inspection
showing the absence of turbidity or sedimentation cannot
rule out some aggregation of the liposomes), it is consistent
with the attraction observed in Fig. 2, as well as with the
monotonic repulsion observed previously (R. Goldberg,Biophysical Journal 100(10) 2403–2411
FIGURE 2 (A) Profiles of the normal force (Fn/R) versus D, the separa-
tion between the surfaces of the two mica sheets coated with the HSPC-
SUV layers (where R is the mean mica radius of curvature). Open symbols
indicate the approach of the surfaces (decreasing D) and solid symbols indi-
cate separation of the surfaces (increasing D); different symbols correspond
to different contact points. Two limiting hard-wall values of D at the highest
compressions were observed (for different contact points, as discussed in
the text), shown by arrow (A: D ¼ 20 5 2 nm; B: D ¼ 30 5 2 nm). The
inset shows the profiles on a linear scale, revealing the existence of a marked
attractive-interaction well for some of the approach profiles, and for all of
the separation profiles (see text for discussion of this variance). (B and C)
Schematic of the (B) HSPC structure and (C) SFB (see Klein and Kuma-
cheva (34) and the Supporting Material for a more detailed description of
the SFB). The two surfaces are mounted in a crossed-cylindrical configura-
tion whose normal and lateral motion is controlled via the sectored piezo-
electric cylinder (PZT), and normal Fn and lateral Fs forces are evaluated
from the bending of the two orthogonal springs of constants Kn and Ks,
respectively.
FIGURE 3 The two HSPC 30 mM liposome suspensions in pure water
(right tube) and 150 mM NaNO3 salt (left tube). The two tubes were
held at 4C for extended periods; this image was obtained after 2 months.
Whereas the pure water suspension is clear, the salt suspension shows
marked sediment (which became visible after only 2 weeks).
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Klein, unpublished) for interactions between HSPC-SUV
layers prepared and measured across pure water.Shear forces
Shear forces were measured between the mica surfaces
coated with the HSPC-SUVs across 150 mM NaNO3 at
progressive compressions as the surfaces were made to
approach. Lateral (shear) motion with amplitudes Dx0 in
the range of 200–950 nm and velocity vs (covering a range
from ~100 to 2500 nm/s) was applied to the upper mica
surface, and the force Fs that was transmitted to the lower
mica surface, at different surface separations D, was moni-
tored through the bending of the shear spring (shown sche-
matically in Fig. 2 C) (34). Fig. 4 shows typical shear forceBiophysical Journal 100(10) 2403–2411measurement outputs, for two different amplitudes and
shear velocities at a given contact point. The upper time
traces for each set (d and f) are the applied lateral motion
to the upper surface, and the traces below them show the
corresponding shear or frictional forces transmitted to the
lower surface under different surface separations along
with their corresponding pressures. For the set of traces in
Fig. 4, there is little measurable transmitted shear force
above the noise level for D > ~37 nm, whereas at closer
approaches (traces b, c, and e) the shear force as the surfaces
slide past each other increases as shown. Trace a in Fig. 4
shows for comparison (and as a control) the output when
the surfaces are far apart (D z 400 nm) and there is no
contact between them. Visual inspection of trace a reveals
little response, although a frequency analysis (to the right
of trace a) shows a small response (arrow) at the drive
frequency (0.5 Hz) arising from coupling due to the thin
wires connecting the PZT (34). Such traces were character-
istic of all contact points studied, although there was a signif-
icant variation between points, as described below. We
consider the reasons for this further below.
Fig. 5 shows a graph of Fs versus D determined from
traces such as those shown in Fig. 4 from several different
contact points and experiments. For D > ~60520 nm, the
magnitude of the measured shear force becomes immeasur-
ably small, even with our high shear force resolution, i.e., it
is comparable to the noise level when the surfaces are far
apart, as in trace a of Fig. 5. However, there is a significant
variance, depending on the particular contact point probed,
in the separation Donset at which the onset of monotonically
increasing Fs with decreasing D begins, from Donset z
80 nm to Donsetz 40 nm. This variance is considered later.
FIGURE 4 Typical shear force Fs versus time traces taken directly from
the SFB for a given contact point but at different amplitudes Dx0 of applied
lateral motion and different shear velocities, as well as different compres-
sions (shown both as D-values and as pressures P ¼ Fn/A for the respective
traces). Traces were taken for two HSPC-coated surfaces across 150 mM
NaNO3. Traces f and d are the applied shear motion Dx0, and traces e
and a–c are the respective corresponding traces of the transmitted shear
forces. To the right of trace a, at large separations where the HSPC layers
are not expected to be in contact, the frequency response of the shear forces
is shown. At the drive frequency (arrow), the response is attributed to
coupling via the thin wires connecting to the sectored PZT (34).
FIGURE 5 Summary of shear force Fs versus surface separation D based
on traces as in Fig. 4 (different symbols refer to different contact points).
(Inset) The variation of the shear stress s, defined as s ¼ Fs/A, where A
is the Hertzian contact area, as a function of the shear rate _g, where
_g ¼ vs/D, vs is the shear velocity and D is the separation between the
two opposing surfaces; symbols correspond to contact points in the main
figure.
FIGURE 6 Shear force Fs as a function of the normal force Fn compress-
ing the surfaces. Open symbols: first entry to contact point; half-solid
symbols: second entry (different symbols refer to different contact points).
The friction coefficient, defined as m ¼ vFs/vFn, is shown as the curves for
three different values of m.
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the shear force Fs for a given surface separation D (in a high
compression regime). The data are plotted as shear stress
s¼ Fs/Aversus shear rate _g¼ vs/D, where A is the flattened
area of contact between the surfaces. The A value can be
evaluated from the Hertzian contact mechanics relation
(37): A ¼ p(FnR/K)2/3, where K ¼ (5 5 1)  109 N/m2
is an effective modulus of the glue/mica substrate combina-
tion derived by separately measuring A as a function of
load Fn (not shown). The major effect seen in the s versus
_g variation is that the shear rate dependence of the frictional
force is weak, with only a threefold reduction in Fs over
a nearly two orders of magnitude increase in _g; this weak
shear rate dependence applies to all experiments and contact
positions measured. We also see a considerable variance in
the magnitude of Fs between different contact points at
similar D-values (lower and upper sets of data points),
a point we will return to later.
Fig. 6 shows a plot of the shear force Fs as a function of
the applied normal force Fn. The magnitude of the effectivefriction coefficient m ¼ vFs/vFn is seen to be in the range
m z 6  104 to 8  103 at pressures up to ~6 MPa
(~60 atmospheres), a significant variation that we will
discuss later. Although this value is low to very low, it is still
significantly higher than the extremely low values found for
friction coefficients between layers of HSPC liposomes in
pure water (m-values in pure water were in the range of
2  105 to 104) (R. Goldberg, A. Schroeder, G. Silbert,
K. Torgeman, Y. Barenholz, and J. Klein, unpublished).Biophysical Journal 100(10) 2403–2411
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The main findings of this study concern the normal and
lateral interactions that occur between two molecularly
smooth substrates coated with a layer of HSPC-SUVs that
adsorb spontaneously from a dispersion of the vesicles. In
contrast to our earlier study (R. Goldberg, A. Schroeder,
G. Silbert, K. Torgeman, Y. Barenholz, and J. Klein, unpub-
lished) of such interactions across pure water (no added
salt), in the work presented here, the liposome dispersion
and the medium across which the interactions were
measured were at high salt concentration (150 mM
NaNO3). This was done to better emulate interactions
between layers of PC lipids (which constitute the liposome
membranes), in particular the shear and frictional interac-
tions between them, at physiological salt levels. Such PC
layers have been conjectured, with some controversy (26),
to be of central importance for biological lubrication
processes, particularly at synovial joints (31,38–40).
The attachment of liposomes from their dispersion onto
the mica surfaces to form close-packed layers covered by
additional vesicles (as revealed in the cryo-SEM micro-
graphs) is driven by two factors. The adherence to the nega-
tively charged mica surface arises from the attraction of the
phosphocholine headgroup dipoles (structure in Fig. 2 B)
exposed at the liposome membrane (41) (we emphasize
here the overall neutrality of the zwitterionic HSPC as re-
vealed by the z-potential measurements). This was shown
explicitly in our previous study of the same liposomes in
pure water (R. Goldberg, A. Schroeder, G. Silbert, K. Torge-
man, Y. Barenholz, and J. Klein, unpublished), in which an
attraction was directly measured between a layer of the
HSPC vesicles and a bare mica surface. On top of the
close-packed, surface-attached HSPC-SUV layer, we see
an overlayer of additional vesicles, either individually or
in small clusters. We attribute the attachment of these addi-
tional vesicles in the overlayer on top of each close-packed
liposome monolayer to the attraction in these high-salt
conditions between the liposomes seen in the normal force
profiles (Fig. 2 A, inset) discussed below. The irregularity
of this overlayer is attributed to the effect of the washing
conditions, which may have removed some (but clearly
not all) of the adsorbed vesicles within the overlayer.
A clear attraction is seen in some of the approach profiles
(open symbols, Fig. 2 A, inset), setting on from ~300 nm and
becoming repulsive on further approach at D < ~50–80 nm.
Other approach profiles apparently do not show a clear
attractive well before repulsion occurs. Upon separation
after strong compression (solid symbols), all profiles show
an attractive well, which disappears (within the scatter) at
D> ~300 nm. We note that in our earlier study in pure water
(no added salt) (R. Goldberg, A. Schroeder, G. Silbert, K.
Torgeman, Y. Barenholz, and J. Klein, unpublished), the
normal interactions were always monotonically repulsive,
upon both approach and separation. Therefore, the markedBiophysical Journal 100(10) 2403–2411attraction observed in this study arises from the added
salt. The added salt can influence the liposome-liposome
interactions in two ways: First, it greatly reduces the Debye
screening length relative to pure water. This serves to
eliminate the long-ranged repulsion between the surfaces
that was attributed in our previous study (R. Goldberg,
A. Schroeder, G. Silbert, K. Torgeman, Y. Barenholz, and
J. Klein, unpublished) to residual charges either on the
mica or on the liposome layers themselves (here, our
measurements (see Materials and Methods) hint at a small
z potential at low salt concentration (42,43)). Second, the
inorganic ions (mainly Naþ) compete with the lipid mole-
cules for water of hydration (44), and as a result the extent
of hydration of the phosphocholine headgroups is reduced,
an effect that has been measured directly (45). This will
be referred to later in the context of its effect on the hydra-
tion lubrication mechanism, but it will also reduce the
hydration repulsion between the liposomes, enhancing any
net attraction. The attraction itself may be attributed to
van der Waals interactions and/or attractive dipole-dipole
interactions that may arise from correlated positioning of
the opposing zwitterionic headgroups. Both are previously
suggested mechanisms of attraction between PC layers
(12,13). The strong repulsion regime at high compressions
is attributed to steric compression of the liposome layers,
with possibly a squeezing-out of liposomes in the overlayer
at the highest compressions. As noted in Fig. 2 A, there were
indications of a bimodal distribution of the hard wall at the
highest compressions in this study, depending on the contact
point: either 20 5 2 nm (most of the profiles; arrow A in
Fig. 2 A) or 305 2 nm (some profiles; arrow B). We attri-
bute these values to two flattened liposome layers or three
flattened liposome layers, respectively, where in the latter
case the two-surfaces-attached layers trap an additional
liposome layer between them.
This picture, therefore, is one in which the surface-
adsorbed liposomes do not rupture but retain their closed
structure even at the highest compressions (up to ~60 atm)
attained in this study. We believe this robustness results
from the HSPC vesicles being in the rigid gel phase, and
their close packing on the surface. We note that when
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
liposomes, which are in the much less rigid liquid-crystal-
line phase, are used (R. Goldberg, A. Schroeder, G. Silbert,
K. Torgeman, Y. Barenholz, and J. Klein, unpublished), the
data indicate that, unlike the more-rigid HSPC vesicles, they
undergo rupture and consequent squeeze-out from between
the surfaces.
It is instructive to consider the origin of the significant
variance seen in the normal force profiles. This is particu-
larly striking in the inset to Fig. 2 A: some of the profiles
show a clear attractive well on approach, whereas others
appear to show a monotonic repulsion. We attribute the
origin of this behavior to the irregular topology of the inter-
acting liposome layers. This is illustrated schematically in
A B
x 5
FIGURE 7 Schematic illustration based on topography observed in cryo-
SEM micrograph images (e.g., as in Fig. 1) of possible modes of initial
overlap between different clustering patterns of the liposomes (note that
surface-attached liposomes are shown as more compressed, due to attrac-
tions to the surface, than the liposomes in the overlayer). In panel A the
large cluster makes initial (attractive) contact at one point (darker-shaded
liposomes); for approach to further attractive contacts, a large repulsion
associated with compressive distortion of the liposome cluster must be
overcome. In panel B, the initial contact occurs between several pairs of
liposomes at once, resulting in a larger initial attraction. See text for
a more detailed discussion.
Interactions between Liposome Layers 2409Fig. 7. From the cryo-SEM pictures (Fig. 1) we can see that
the overlayer of liposomes on the close-packed, surface-
attached liposome layer contains both larger and smaller
clusters of liposomes. When a larger cluster dominates the
interacting region, as indicated in Fig. 7 A, there is a smaller
initial contact area when the liposomes in the overlayers of
the opposing surfaces first come into overlap. This results in
less attraction as fewer of the liposomes interact, as shown
by the darker-shaded liposomes in Fig. 7 A. To access
more of the attractive liposome-liposome interactions, the
larger cluster must be compressed, and this results in a repul-
sive force of steric origin. Because these repulsions (due to
compressively distorting the liposomes) are much larger
than the weak attractive interaction between the few
contacts, the repulsion will dominate the initial interactions,
and the overall effective force versus distance profile for
such contact regions will be repulsive. If, on the other
hand, a particular contact point is associated with interacting
regions that are smoother and have no large protruding clus-
ters, as indicated schematically in Fig. 7 B, the initial inter-
action between them will involve the simultaneous
attractive contact of several liposomes, as indicated by the
darker-shaded vesicles in Fig. 7 B (bottom). Because each
such contact is associated with an attractive force, there
will be a larger overall initial attraction for such flatter
contact positions (hence the net attractive well) before thesteric compression results in the repulsive wall. This simple
qualitative explanation has an explicit consequence for the
shear/frictional forces, which we examine below.
The shear force profiles (Fig. 4), as summarized in Fig. 5
and especially in the friction versus load plot of Fig. 6,
reveal a number of important features. The most striking
one is the low (0.008) to very low (0.0006) friction coeffi-
cient seen in Fig. 6 up to local contact pressures (Fn/A) of
~60 atm (~6 MPa). We attribute this low friction as the lipo-
some layers slide past each other to the hydration lubrication
mechanism, which has emerged as a new paradigm for the
reduction of friction in aqueous environments. This was first
described in the context of hydrated ions trapped between
sliding charged surfaces (46), and has also been observed,
though at much lower pressures than used in this study,
only up to ~0.3 MPa, for physisorbed polyelectrolyte
brushes (23), surfactants under water (47), and supported
lipid bilayers (24). In a more recent study, highly hydrated
polyzwitterion brushes (25) covalently grafted from solid
substrates proved to be capable of reducing friction coeffi-
cients to low levels similar to those observed here at pres-
sures up to 7 MPa. In particular, our previous study
(R. Goldberg, A. Schroeder, G. Silbert, K. Torgeman,
Y. Barenholz, and J. Klein, unpublished) on the same
HSPC-SUV liposomes, coating mica surfaces in pure water,
showed remarkably low friction coefficients down to
m ¼ ~105 at pressures of up to 12 MPa. In both of these
recent high-pressure studies, the low friction was also attrib-
uted to the hydration lubrication mechanism. According to
this concept (46), the low friction is due to hydration layers
that are tenaciously attached and therefore resistant to being
squeezed out under high pressures, while at the same time
they have rapid relaxation times (typically on the order of
nanoseconds for hydration layers surrounding the alkali
metal ions) and thus respond in a very fluid manner under
shear. This combination means that layers of hydrated
species can support a large normal stress while sliding easily
past each other, which is the molecular origin of the very
efficient hydration lubrication. In the case of the HSPC lipo-
some layers used here, this is provided by the outer surfaces
of the vesicles (fully covering the underlying substrates)
exposing the highly hydrated phosphocholine groups, which
(depending on the means of measurement) have been re-
ported to contain up to 15 water molecules in the primary
hydration shell (15,48–50).
It is appropriate at this point to remark on the large vari-
ance in the friction coefficient (Fig. 6). We believe that this
is due to the different topology associated with liposome
clusters in the overlayer at different contact points (illus-
trated in Fig. 7), to which we also attributed the variance
in the normal forces. Thus, for the case of large clusters
making initial contact when the opposing surfaces come
into overlap, as in Fig. 7 A, we would expect the sliding
to result in considerable plowing and distortion of these con-
tacting clusters. The frictional dissipation would then beBiophysical Journal 100(10) 2403–2411
2410 Goldberg et al.significantly larger than for the case of the opposing surfaces
being smoother, and making initial simultaneous contact at
large numbers of points, as schematically shown in Fig. 7 B.
In that case, there would be less plowing dissipation, and the
frictional forces would be largely due to sliding of the
exposed hydrated phosphocholine groups past each other,
where the hydration lubrication mechanism is active. If
this explanation is indeed correct, we would expect those
contact points corresponding to Fig. 7 A to have a larger fric-
tion (due to the plowing dissipation of the larger clusters)
and at the same to show less attraction on approach, as dis-
cussed above. A careful examination of the data for different
points shows that this is in fact the case. For all contact
points measured, both within the same experiment and
across different experiments, the higher friction coefficients
in Fig. 6 correspond to Fn(D) profiles in Fig. 2, inset, that
exhibit monotonic repulsion, whereas the lower friction
coefficients in Fig. 6 correspond to approach profiles that
show a clear attractive well. This surprising correlation of
lower friction with larger adhesion is somewhat counterintu-
itive, as one would expect a larger adhesive interaction to
correspond to a larger frictional force, and a larger repulsion
to be associated with a lower friction, whereas in fact the
opposite is the case. However, this picture fits well with
our attribution of the variance in both normal and frictional
forces to the local topography of liposome clusters at the
different contact points.
A corollary to the above conclusions is that the intrinsic
frictional forces between the liposome layers sliding past
each other corresponds to the lower level of friction coeffi-
cients measured, i.e., to m ¼ ~%0.0006 at pressures up to
6 MPa. The higher friction coefficients measured (up to
m ¼ ~0.008 in Fig. 6) are a result in part of the rougher
surface topology at the contact points at which they were
measured, and to the consequent plowing dissipation noted
above. These values (i.e., m ¼ ~%0.0006 at pressures up to
6 MPa) are much lower than reported in some of the
previous studies of hydration lubrication at lower pressures
in aqueous systems, including those noted earlier (23,24),
though they are somewhat higher than observed for
HSPC-SUV lubricants in pure water (R. Goldberg,
A. Schroeder, G. Silbert, K. Torgeman, Y. Barenholz, and
J. Klein, unpublished). The higher friction coefficients of
the liposome layers at physiological-level salt concentra-
tions relative to pure water are probably due to competition
of the inorganic ions (Naþ in this study) for the water of
hydration (51), which reduces the efficiency of the hydration
lubrication mechanism. Similar reductions in lubrication
efficiency with increasing salt concentrations were also
observed in a study by Chen et al. (25) on highly hydrated
poly(zwitterionic) brushes, and likewise attributed. None-
theless, even at the higher level of friction at the high salt
condition used here, the magnitude of the friction coeffi-
cient, m ¼ 0.0006 (0.15 M NaNO3) up to at least 60 atm
pressure, compares well with values of cartilage-cartilageBiophysical Journal 100(10) 2403–2411friction at similarly high pressures and salt concentrations
in the major human joints (26,28).
In conclusion, we studied the lubrication afforded by lipo-
some layers attached to solid surfaces when two such
surfaces are compressed and made to slide past each other,
at pressures up to ~60 atm and salt concentrations of 0.15 M
NaNO3. These salt and pressure conditions are similar to
those found in the physiological environments of major
joints (e.g., human hips and knees), and the friction coeffi-
cients measured (m ¼ ~0.0006) are comparable to or lower
than those observed in healthy joints. The origin of this low
friction is the hydration lubrication mechanism that is active
between the phosphocholine groups exposed by the lipo-
somes. Apart from their practical potential for technological
and biomedical applications, these findings provide support
for the conjecture that lubrication in the major joints may be
mediated, at least in part, by PC lipid layers, where the
sliding interfaces consist of hydrated phosphocholine
groups that are essentially identical to those exposed by
the HSPC vesicles.SUPPORTING MATERIAL
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